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Thyroid hormones have long been known for their metabolic role in humans and for triggering amphibian
metamorphosis. More recently they have been uncovered as an important effector mechanism in
seasonality. A recent study of salmon smoltification relates these various biological roles.Hormones are key regulators of
vertebrate development and physiology,
allowing coordinated changes to occur in
various tissues and helping the organism
to cope with environmental variations. Of
the numerous types of hormones known
in vertebrates, thyroid hormones (THs) are
among the most puzzling [1]. First, they
are the only known biological iodinated
compounds, with thyroxine (also known
as T4) containing two coupled tyrosine
residues that are iodinated with four
iodine atoms. Second, THs are known to
control very different processes in
different species: in many amphibians
and teleost fish they trigger
metamorphosis defined as a spectacular
post-embryonic life history transition in
which a larvae (e.g., the anuran tadpole) is
transformed into a juvenile (e.g., the
froglet) [2]. However, in mammals,
including humans, these hormones play a
very different role, regulating many
homeostatic processes such as basal
metabolism, thermogenesis and
heartbeat [3]. Overall, THs increase
energy expenditure as exemplified by anincrease of oxygen consumption
observed after TH treatment. The
importance of this pathway in human is
well illustrated by the numerous diseases
that affect the thyroid axis. Indeed up to
10% of the population in industrialized
countries suffer from clear or subclinical
thyroid disorders. More recently a third
role of THs has emerged as major
effectors of seasonality, the process by
which species adapt their physiology and
reproduction to the annual change in
photoperiod [4]. This variety of disparate
roles is striking and their relationship has
remained mysterious for a long time.
However, in a recent issue of Current
Biology, Lorgen et al. [5], studying
smoltification in salmon, provide the first
example in which the three edges of TH
action can be related. They suggest that
THs are key coordinators of
post-embryonic development, allowing
its coupling with external conditions and
the adjustment of the internal physiology
of the organism.
Smoltification is a post-embryonic
life history transition that is specific tosalmonid fish (Figure 1). In the most
classic cases, such as in the Atlantic
salmon studied in Lorgen et al., hatching
occurs upstream in rivers and the young
fish, the parr, grows in the rivers for
one to four years [6]. Then, the darkly
pigmented, bottom dwelling, sedentary
and territorial parr transforms into a
smolt: a silvery fish that starts shoaling,
migrates to descend the river and
acquires osmoregulation compatible with
seawater acclimation. The smolt will
reach the sea and grow there for several
years before returning to its original
river where it will spawn and, most often,
die. Smoltification, the transformation
of the freshwater-adapted parr to a
seawater-adapted smolt, is often
considered as a metamorphosis and in
line with this notion THs are important
regulators of this process. Plasma TH
levels increase during smoltification and
the pigmentation and behavioral
changes observed during smoltification
appear to be controlled by THs. In
addition THs control the imprinting of the
odor of the natal stream that occurs
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Figure 1. Salmo salar life cycle.
Ecological transitions are highlighted in light and dark blue, corresponding respectively to freshwater and
seawater environment and the parr/smolt and adult stages. Photoperiod (blue line) and T4 level (red line)
are sketched above along the development timing of the salmon. LP, long photoperiod; SP, short
photoperiod; FW, freshwater; SW, seawater.
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Dispatchesduring smoltification at least in part by
controlling cell proliferation in specific
locations of the salmon nervous system.
However, THs are only one class of
hormones implicated in smoltification
since growth hormone and corticoids are
also elevated during this process,
inducing tolerance to osmolarity changes
by acting on specific gills and intestinal
cells. In addition prolactin has been
proposed as an inhibitor of smoltification.
We are still far from understanding the
whole exquisite ballet of hormonal
regulation and crosstalk that occurs
during this key period of salmonid life
cycle.
But how does TH play such distinct
roles and control such a variety of cellular
responses? The answer lies at least in part
in themetabolism of the hormone in target
tissues. As mentioned above, the thyroid
gland produces mainly T4, which can
be considered as a pro-hormone. In
vertebrates, the active hormone is
3,3’,5-triodothyronine, or T3, which has
three iodine atoms and whose affinity for
the two nuclear thyroid hormone
receptors, TRa and TRb, is 40-fold
higher than T4 [7]. T3 is therefore
considered as the active hormone.
Since the thyroid gland produces mainly
T4, its metabolism, and in particular its
deiodination in target tissues, is critical as
this controls the amount of active ligand
that will be effectively delivered to target
organs. Specific enzymes, called
deiodinases, control the deiodination of
T4 (Figure 2) [1,3,8]. Type 2 deiodinase
(D2) controls the conversion of T4 into T3
and is considered an activating enzyme.
In contrast, type 3 deiodinase (D3)
controls the degradation of T4 into
reverse T3, an inactive compound, and
thus D3 is considered as an inactivating
enzyme. The importance of the D2/D3
balance is well exemplified by the case
of Xenopus metamorphosis, in which D2
expression in limbs promotes growth
while D3 protects the tail cells from
apoptosis in early metamorphosis. Then
D3 expression switches to D2 expression
in late metamorphosis, promoting tail
cell apoptosis and regression [9]. The
same type of event occurs in the basal
hypothalamus in many vertebrates when,
in spring, a change of the photoperiod to
longer days translates into a shift from D3
to D2 expression, allowing for a net local
increase of T3 that is therefore available toCbind to its receptor and activate a specific
gene regulatory program [4].
Knowing the importance of these
enzymes, Lorgen et al. characterized
deiodinases in Atlantic salmon and, not
surprisingly since the salmon is a
tetraploid species, found 6 genes
encoding deiodinases, including two D2
genes, dio2a and dio2b [5]. They
observed that the expression of these
enzymes during smoltification is induced
by a shift to a longer photoperiod followed
by a transfer to seawater. However, they
observed a divergent response of the two
duplicated genes. The dio2a gene was
induced late in the gills after the transfer to
seawater. In contrast, the dio2b gene was
induced early following an increase of day
length and mainly in zones of the brain
implicated in cell proliferation (Figure 1).
Importantly they provide strong evidence
that these changes of expression are
functionally significant and are important
for the physiological output. First, they
observed that the dio2a promoter, but not
the dio2b promoter, contains clustered
osmotic response elements that are
important for salinity adaptation in teleost.
Accordingly, dio2a induction in the gills is
correlated with the level of plasma
choride ion, suggesting that theurrent Biology 25, R328–R347, April 20, 2015 ªexpression of the gene is in fact an
osmotic stress response that occurs
when the fish is exposed to seawater. In
contrast the dio2b promoter contains a
cAMP response element that is
conservedwith a similar site that has been
shown to be instrumental for photoperiod
response in the quail dio2 gene [10].
Second, using a microarray gene
expression assay they show that
inhibiting deiodinase activity with a
specific compound, iopanoic acid,
effectively blocks the gene regulatory
response induced in gills by the transfer to
seawater. The fact that this inhibitory
effect was abrogated by co-treatment
with T3 nicely shows that this response is
dependent on the active hormone.
Interestingly, the genes regulated in the
gill during this seawater adaptation are
enriched in metabolic genes implicated in
anaerobic and mitochondrial respiration,
suggesting that T3 effectively prepares
this organ for the high energy expenditure
that will be necessary for migration.
Therefore, the work carried out by Lorgen
et al. shows how divergent evolution of
two dio2 paralogues permits coordination
of the sequential response of specific
organs, here brain and gills, during a
complex process that must be coupled to2015 Elsevier Ltd All rights reserved R345
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Figure 2. Thyroid hormone metabolites.
Metabolites of T4 after deiodonation by Dio2 or Dio3. Green arrow indicates deiodination toward an active
compound (written in green) and red arrows a deiodination toward an inactive compound (written in red).
Iodine atoms on the TH cycles are highlighted in red.
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Dispatchesthe environment: first, dio2b takes charge
of the proliferation of specific brain areas
involved in the early response to
photoperiod lengthening and, second,
dio2a copes with osmolarity effects on
the gill.
Obviously, smoltification must be
tightly coupled both to the environment
and to internal metabolism [6]. Indeed,
this process can occur only within a
specific time window, which is in spring
when the photoperiod is changing from
short days to long days. In addition,
the young parr must be prepared for
the strong metabolic challenge of the
migration. As shown by Lorgen et al., the
local control of TH signaling allows
the coordination of a complex system
where the photoperiod lengthening, the
general metabolism increases and post-
embryonic developmental shift are all
tightly coordinated. As seasons change
every year whereas smoltification occurs
only once (even if some species, such as
the northern arctic char, exhibit more
complex life cycles), there must be some
regulation here. The fact that
smoltification is controlled, like
metamorphosis, by an increase of plasma
levels of TH controlled by the
hypothalamo–pituitary–thyroid (HPT) axis
(with D2/D3 acting in target tissues) [11],
whereas the seasonality response is
controlled locally by the D2/D3 balance in
the hypothalamus, suggests a possibleR346 Current Biology 25, R328–R347, April 2mechanism for such a coupling: the
hypothalamic D2/D3 rheostat will act on
the systemic T4 levels provided by the
HPT axis but it can be anticipated that the
two systems will be connected, possibly
by TH regulation of deiodinase gene
expression [12].
Interestingly, these three effects of TH
(in metamorphosis, seasonal timing and
metabolism) have been shown to be
conserved in vertebrates, independently
of each other in recent publications. The
role of TH in regulating metamorphosis is
an ancestral feature, as it is already
present in invertebrate chordates such as
amphioxus [13]. The D2/D3 balance in the
hypothalamus is regulated by
photoperiod in birds, mammals and
teleost fishes [4]. Recently it has been
shown in the adult zebrafish that TH
regulates metabolism, muscle force
production and cardiac performance, all
to counteract the negative
thermodynamic effects of decreasing
temperature [14]. This suggests that this
triple edge of thyroid hormone effects
may have a unique ancestral origin in
which TH connected metabolism and life
history transitions to environmental
variables, to allow a complex and tightly
coordinated regulation of these
transitions. However, we are just starting
to uncover this ancestral function and
how it has been modified during evolution
to cope with various life histories. In0, 2015 ª2015 Elsevier Ltd All rights reservedparticular, many things remain to be
understood concerning themetabolism of
the hormones themselves. Recent data in
chordates, teleost fishes and mammals
suggest that thyroid compounds such as
TRIAC [8], 3,5-T2 [15] or 3-
iodothyronamine [16], may have
important signaling functions and may
represent relevant alternative ligands.
Such TH metabolites have so far been
relatively neglected in mammals as they
are present in minute amounts but this
may not be the case in other species and
we are just beginning to uncover the
complexity and plasticity of this unique
hormonal pathway.
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